Introduction
Sterile inflammatory insults such as trauma or ischemia trigger a robust influx of neutrophils and monocytes to the site of tissue injury 1 . Damaged cells are thought to release danger-associated molecular patterns (DAMPs) that can alert the innate immune system to the impending tissue damage. However, in the absence of an infectious etiology, the collateral damage caused by the initiation of this inflammatory response can be extremely detrimental. Hence it is important to understand the mechanisms initiating the sterile inflammatory response in order to devise strategies with which to control it. The innate immune system possesses germline-encoded pattern recognition receptors that are capable of recognizing highly conserved molecules. The best described class of these receptors are Toll-like receptors (TLRs), which predominantly sense pathogen-associated molecular patterns (PAMPs) 2 . The innate immune system serves to monitor for more than just the presence of microbes; pattern recognition receptors also recognize DAMPs released by cells in response to cellular damage or stress. Although there is evidence that some DAMPs, such as high-mobility group box 1 protein (HMGB1) and heat-shock proteins, can stimulate TLR2 and TLR4, the inflammatory response to necrotic cells in vivo is predominantly independent of TLR signaling [3] [4] [5] [6] . However, mice deficient in MyD88 (which in addition to TLR signaling is also essential for signaling through the IL-1 receptor I (IL-1R)) or IL-1R had markedly impaired recruitment of neutrophils in response to necrotic cells 6 . IL-1a and IL-1b signal through the IL-1R and both require caspase-1 for secretion of their mature forms 7 . Nlrp3 (also known as Nalp3, cryopyrin, and CIAS1), a member of the NLR (nucleotide-binding domain leucine-rich repeat containing) family, along with ASC and caspase-1, form a multiprotein complex called the Nlrp3 inflammasome 8 . The Nlrp3 inflammasome can activate caspase-1 in response to a number of diverse stimuli including ATP, monosodium urate crystals (MSU), and bacterial pore forming toxins resulting in the processing and secretion of the proinflammatory cytokines IL-1a, IL-1b and IL-18 [9] [10] [11] [12] .
Here we investigate the mechanisms of necrotic cell-induced inflammation and demonstrate that specific forms of cell death are sensed by the Nlrp3 inflammasome. We further found that viable mitochondria released from these necrotic cells were responsible for Nlrp3 inflammasome activation. Nlrp3-deficiency also had a profound effect on mortality and renal function in an in vivo model of renal ischemic acute tubular necrosis. Together our data indicate that the Nlrp3 inflammasome plays a crucial role in initiating sterile inflammatory responses to tissue injury.
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Results
Inflammatory response to necrotic cells is mediated by the Nlrp3 inflammasome.
To examine if the Nlrp3 inflammasome was involved in the inflammatory response to cellular damage we injected pressure-disrupted B16 cells (a murine melanoma cell line) intraperitoneally into mice deficient in IL-1R, caspase-1, Nlrp3 or ASC (Fig. 1A-C) . 16 hours after challenge with pressure disrupted B16 cells, wild-type (WT) mice displayed a marked influx of neutrophils into the peritoneal cavity. This neutrophil influx was significantly diminished in mice deficient in components of the Nlrp3 inflammasome (Fig. 1A-C) .
Consistent with previous findings 6 we observed that IL-1R-deficient mice had a diminished neutrophil influx in response to pressure-disrupted B16 cells compared to WT mice (Fig. 1A) . Neutrophil influx in Nlrp3-and ASC-deficient mice in response to thioglycollate remained intact demonstrating that Nlrp3-and ASC-deficiency does not lead to a global defect in neutrophil migration (Fig. S1 ). IL-1a and IL-1b are both capable of signaling through the IL-1R. The cysteine protease caspase-1 is required for the processing and secretion of IL-1b and also partially for IL-1a 7, 13 . To determine if necrotic cells were capable of inducing the secretion of these proinflammatory cytokines LPS-primed macrophages (Mf) were stimulated with necrotic B16 cells derived by UV-irradiation, freeze-thawing or pressure disruption. Pressure disrupted B16 cells induced a robust secretion of IL-1b, however UV-irradiated or freeze-thawed B16 cells induced substantially less IL-1b secretion ( Fig. 2A) . The secretion of IL-1b was not specific to pressure-disrupted B16 cells as (A-C) Neutrophil influx into the peritoneum of WT, IL-1R-, caspase-1-, ASC-and Nlrp3-deficient mice 16 h after i.p. challenge with pressure-disrupted B16 cells (B16). Control WT mice were challenged i.p. with PBS. * p=0.0017, ** p=0.0021, *** p=0.0159, **** p=0.0240.
pressure-disrupted HEK293 cells similarly induced IL-1b secretion from LPS-primed Mf (Fig. S2A) . In contrast to pressure-disrupted B16 cells, which induce a robust neutrophilic influx in vivo following intraperitoneal injection, necrotic B16 cells produced by freeze-thaw induced significantly less intraperitoneal inflammation, which was independent of caspase-1 (Fig. 2B) . Together, these findings demonstrate that specific forms of necrotic cell death are capable of inducing the secretion of IL1b from LPS-primed Mf and inflammatory responses in vivo in a manner dependent on the Nlrp3 inflammasome. Nlrp3-, ASC-and caspase-1-deficient LPS-primed Mf displayed a marked defect in their ability to process and secrete IL-1β in response to pressure-disrupted B16 cells compared to WT Mf ( Fig. 2C-E) . Caspase-1 activation involves autocatalytic processing of the 45 kDa pro-caspase-1 to generate two subunits, p20 and p10. Caspase-1 activation in LPS-primed WT Mf stimulated with pressure-disrupted B16 cells was detected by Western blot by the appearance of the p10 cleavage product (Fig. 2E) , which occurred by 3 h post stimulation (Fig. S2B) . We did not observe caspase-1 activation in response to pressure-disrupted B16 cells in either Nlrp3-or ASC-deficient LPS-primed Mf (Fig. 2E) . Hence, pressure-disrupted necrotic cells are capable of inducing caspase-1-mediated IL-1b secretion in a manner dependent on the Nlrp3 inflammasome. In addition, there is a defect in IL-1a secretion in Nlrp3-deficient LPS-primed Mf stimulated with pressure-disrupted B16 cells, although the absolute amounts of IL-1a secreted were substantially lower compared to IL-1b (Fig. S2C) . Thus, pressure-disrupted necrotic cells drive an inflammatory cell infiltrate in vivo and induce the production of IL-1a and IL-1b in a Nlrp3 inflammasome dependent manner.
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Necrosis and NLRP3-inflammasome Complement-and hypoxia-mediated cellular damage is sensed by the Nlrp3 inflammasome. Although the complement system plays an important role in protecting the host against infectious diseases and aiding in the repair of damaged tissue, unregulated or inappropriate activation of the complement cascade can in itself lead to tissue injury 14 . To determine if necrotic cells generated by complement-mediated damage induced an inflammatory response similar to pressure disrupted necrotic cells we challenged Mf with complement-lysed splenocytes. Complement-lysed splenocytes did induce the secretion of IL-1β from LPS-primed WT Mf (Fig. 3A) . Heat inactivation of serum used for complement lysis abrogated the ability of the splenocytes to induce IL-1β secretion (Fig. 3B) , suggesting that cellular damage was required for this process. Nlrp3-, ASC-and caspase-1-deficient Mf failed to secrete IL-1β in response to complement-lysed splenocytes (Fig. 3A) . In contrast, Mf deficient in Nlrc4, which is required for caspase-1 activation in response to infection with type III and type IV secretion system carrying Gram-negative bacteria 15, 16 , were capable of secreting IL-1β in response to complement-lysed splenocytes (Fig. 3A) . Similar to primary splenocytes, complement-mediated lysis of a hybridoma cell line was also capable of inducing the activation of caspase-1 and the secretion of IL-1β from LPS-primed Mf in a Nlrp3-dependent manner (Fig. 3C-D and S2D ). Therefore, complement-mediated damage to host cells can be sensed by the Nlrp3 inflammasome and results in the initiation of an inflammatory response similar to that seen with cell death due to pressure disruption. These findings also demonstrate a communication between these two evolutionary ancient components of the innate immune system. Ischemic insults lead to hypoxic tissue injury. To assess if hypoxia-mediated cellular damage was capable of activating the Nlrp3 inflammasome, Mf were exposed to B16 cells grown under hypoxic conditions. LPS-primed Mf exposed to hypoxic B16 cells, but not B16 cells grown under normoxic conditions, secreted IL-1b in a Nlrp3-dependent manner (Fig.  3E) . These results suggest that in addition to pressure-disruption and complementmediated damage, the Nlrp3 inflammasome is capable of sensing cellular damage induced by hypoxic conditions and triggering the inflammatory response. Extracellular matrix molecules can prime the Nlrp3 inflammasome for activation. Activation of the Nlrp3 inflammasome is a two-step process requiring a priming step (signal 1) followed by an activation step (signal 2). Signal 1 serves two functions; in addition to stimulating the production of pro-IL-1b it is also a prerequisite for inflammasome activation. LPS priming of Mf allowed for pressure-disrupted B16 cells to activate caspase-1 and induce the secretion of IL-1b as unprimed Mf failed to activate caspase-1 and secrete IL-1b ( Fig. S3A and B) . Importantly, endogenous molecules can also serve a priming role for Nlrp3 inflammasome activation. Biglycan and hyaluronic acid, components of the extracellular matrix, were capable of priming Mf for Nlrp3 inflammasome activation in response to pressure-disrupted B16 cells (Fig. 3F) . Hence, extracellular matrix components that accumulate in non-physiological sites or amounts can function as signal 1, suggesting that Nlrp3 inflammasome activation can occur in vivo in sterile settings without microbes being present to provide signal 1.
Mitochondria activate the Nlrp3 inflammasome.
To determine what cellular component from necrotic cells was capable of inducing the activation of the Nlrp3 inflammasome we performed subcellular fractionation of the pressure-disrupted B16 cells. Cytosolic, nuclear and plasma membrane fractions all failed to induce the secretion of IL-1β from LPS-primed Mf (Fig. 4A) . Surprisingly, mitochondria isolated from pressure-disrupted B16 cells stimulated the secretion of IL-1β from LPS-primed WT Mf (Fig. 4A ). This was not unique to B16 cells as mitochondria isolated from HEK293 cells were similarly capable of inducing the secretion of IL-1b from LPS-primed Mf (Fig. S4A) . Purity of the mitochondrial fraction was confirmed by Western blot analysis using antibodies against Cox4 (Fig.  S4B ). Unprimed Mf failed to secrete IL-1b in response to mitochondria demonstrating that a separate priming step was required for mitochondria to activate caspase-1 ( Fig. S3A and B ). Similar to results obtained using pressure-disrupted cells we observed that LPS-primed Mf from Nlrp3-, ASC-and caspase-1-deficient mice failed to secrete IL-1β in response to mitochondria (Fig. 4B ). LPS-primed Mf from Nlrc4-deficient mice had an intact response to mitochondria and secreted IL-1β (Fig. 4B ), suggesting that Mf that encounter extracellular mitochondria specifically activate the Nlrp3 inflammasome. Stimulation of LPS-primed WT Mf, but not Nlrp3-or ASC- 67 deficient Mf, with mitochondria resulted in activation of caspase-1 as detected by Western blot (Fig. 4C) . Mitochondria injected intraperitoneally into WT mice resulted in a marked inflammatory response as determined by neutrophilic influx; however, Nlrp3-deficient mice had a significantly diminished inflammatory response in vivo compared to WT mice (Fig. 4D) . Pretreatment of mitochondria with rotenone or myxothiazol, inhibitors of mitochondrial complex I and III respectively, apyrase, an ATPase, or heat treatment resulted in the loss of ATP content of the mitochondria (Fig. 4E) as well as diminished their ability to induce Mf secretion of IL-1β (Fig. 4F) , suggesting that mitochondria must be actively respiring to induce the activation of the Nlrp3 inflammasome. In order to confirm that residual rotenone, myxothiazol and apyrase were not affecting Mf function, silica, an activator of the Nlrp3 inflammasome, was added (A) LPS-primed WT Mf were stimulated with mitochondria (100 mg/ml) isolated from either B16 or HEK293 cells; supernatants were collected at the indicated times and IL-1β release measured by ELISA. (B) Purity of B16 plasma membrane (P), mitochondrial (M), cytosolic (C) and nuclear (N) fractions was determined by Western blot analysis using antibodies against COX4 (mitochondrial), HSP90 (cytosolic), msg1 (nuclear), and caveolin (plasma membrane). (C) LPS-primed WT Mf were stimulated with mitochondria (100 mg/ml) that had been pretreated with rotenone (10 mM), myxothiazol (10 mM), apyrase (1 U) for 20 min or heat-treated at 65 o C for 20 min either alone or simultaneously with silica (50 mg/cm 2 ); culture supernatants were collected 12 h later and IL-1β release was measured by ELISA. (D) LPS-primed WT Mf were stimulated with pressure-disrupted B16 cells that were treated with rotenone (10 mM), myxothiazol (10 mM), apyrase (1 U) for 20 min or heat-treated at 65 o C for 20 min; culture supernatants were collected 12 h later and IL-1β release was measured by ELISA. Determinations were performed in triplicate and expressed as the mean ± SEM. 68 in combination with untreated and treated mitochondria; no inhibition in silicainduced IL-1β was observed (Fig. S4C) . Consistent with these findings pretreatment of pressure-disrupted necrotic B16 cells with rotenone, myxothiazol, apyrase, or heat treatment also resulted in a diminished ability to induce Mf secretion of IL-1β (Fig. S4D) . Thus, mitochondria activate the Nlrp3 inflammasome and this activation, as well as the activation seen with pressure disrupted cells, can be blocked by inhibitors of cellular respiration.
Mitochondrial activation of the Nlrp3 inflammasome in vitro partially requires P2X7R. Uric acid (monosodium urate; MSU) is an endogenous danger signal that is released upon cellular damage and is capable of activation of the Nlrp3 inflammasome 11, 17 . Given its association with cellular damage it was possible that liberated MSU from pressure-disrupted B16 cells, or associated with mitochondrial preparations, was responsible for Nlrp3 inflammasome activation. To determine if MSU was driving Nlrp3 inflammasome activation in these studies, we challenged LPS-primed Mf with pressure-disrupted B16 cells or mitochondria that had been pretreated with uricase. As expected uricase treatment of MSU abolished its ability to induce the secretion of IL-1β (Fig. S5A ) 18 . However, uricase treatment of pressure-disrupted B16 cells or mitochondria did not inhibit their ability to induce IL-1β secretion (Fig.  S5A) , suggesting that pressure-disrupted necrotic cells and mitochondria activate the Nlrp3 inflammasome in a manner that is independent of MSU. To determine if necrotic cells and mitochondria require internalization in order to activate the Nlrp3 inflammasome in a manner similar to MSU, silica and alum 11, [18] [19] [20] [21] [22] [23] , LPS-primed Mf were pretreated with cytochalasin B or D. As expected cytochalasin B and D inhibited silica-induced IL-1β secretion (Fig. S5B ) 23, 24 ; however, cytochalasin B or D did not markedly inhibit pressure-disrupted B16 cells or mitochondria from inducing IL-1β secretion from LPS-primed WT Mf (Fig. S5B) . Hence, endocytosis of pressure-disrupted necrotic cells or mitochondria is not required for Nlrp3 inflammasome activation. ATP, acting via the purinergic P2X7 receptor, can activate the Nlrp3 inflammasome without a requirement for endocytosis 10, 12, 25 . To determine if signaling through the P2X7 receptor was required for the inflammatory response to injured cells we utilized Mf from P2X7R-deficient mice. As expected P2X7R-deficient LPS-primed Mf failed to secrete IL-1β in response to ATP, however IL-1β secretion in response to silica remained intact (Fig. 4G) . P2X7R-deficient LPS-primed Mf had a marked defect in their ability to secrete IL-1β in response to either pressure-disrupted B16 cells, mitochondria or complement-lysed 6F10 cells (Fig. 4G and S5C) ; suggesting that ATP released from disrupted cells or generated by actively respiring mitochondria is capable of activating the Nlrp3 inflammasome. However, while IL-1β secretion from P2X7R-deficient LPS-primed Mf was diminished in response to necrotic cells or mitochondria, it was not completely abrogated ( Fig. 4G and S5C) suggesting that additional pathways leading to Nlrp3 inflammasome activation and IL-1β secretion exist. Consistent with these in vitro findings, in vivo intraperitoneal challenge of P2X7R-/-mice with pressure-disrupted B16 cells did not result in a significant decrease in neutrophilic influx into the peritoneal cavity in comparison to WT mice (Fig. S5D ). (A) Relative Nlrp3 mRNA levels were measured in kidneys of WT mice 1 day after non-lethal renal I/R or sham operation. (B) Tubular necrosis score of WT mice (n=8) and Nlrp3-deficient mice (n=8) after non-lethal renal I/R injury using PAS-D-stained renal tissue sections. (C) Survival of Nlrp3-deficient mice (n=14) compared to WT mice (n=13) after lethal renal ischemia. (D, E) Renal dysfunction of Nlrp3-deficient mice (n=8) compared to WT mice (n=8) as reflected by increased levels of urea (D) and creatinine (E) in plasma after non-lethal renal acute tubular necrosis. (F, G) Neutrophil influx in kidneys from WT and Nlrp3-deficient mice one day after renal I/R or sham operation as assessed by immunohistochemistry (F) and counted in at least 10 randomly selected high-power fields in the outer medulla (G). Original magnification of pictures is 400x. (H, I) Total KC and IL-1b levels in kidneys from Nlrp3-deficient and WT mice subjected for 1 day to renal I/R injury. * p<0.05.
Nlrp3-and ASC-deficient mice are protected from renal ischemia-reperfusion injury.
To investigate whether necrotic cell death in situ triggers an inflammatory response through the Nlrp3 inflammasome, we induced ischemic acute tubular necrosis in WT and Nlrp3-deficient animals. The events that occur during ischemia-reperfusion (I/R) injury are complex and involve altered renal morphology and hemodynamics, death of epithelial and endothelial cells and exuberant inflammation 26 . It is known that mice deficient in the components of the membrane attack complex are protected from renal I/R injury, suggesting cell lysis by complement is a key initiator of the inflammatory response 27 . To explore the mechanism by which necrotic injury is translated in vivo into inflammation, mice were subjected to bilateral renal artery occlusion and sacrificed one day after reperfusion. This revealed that non-lethal renal I/R injury resulted in a significant upregulation of Nlrp3 gene expression (Fig. 5A) , which was accompanied by pronounced acute tubular necrosis (Fig.  S6 ) that was similar between WT and Nlrp3-deficient animals (Fig. 5B) . In shamoperated animals, no tubular necrosis was seen ( Fig. 5B and Fig. S6 ). There was also increased expression of the extracellular matrix molecules biglycan and hyaluronic acid following renal I/R injury ( Fig. S7A and B) , consistent with previous findings 28 . Importantly, Nlrp3 deficiency protected animals from lethal renal ischemic injury; Nlrp3-deficient mice had a 86% survival following renal acute tubular necrosis at 5.5 days post-ischemia compared with 8% survival in WT mice (p < 0.0001; Fig.  5C ). Nlrp3-deficient mice were moreover functionally protected against renal dysfunction as reflected by significantly lower plasma urea and creatinine levels as compared to WT animals 24 hours after non-lethal renal ischemic injury ( Fig.  5D and E) . This protection was associated with reduced numbers of neutrophils infiltrating the renal interstitium on day one compared to WT mice ( Fig. 5F and G). Consistent with this, the level of neutrophil chemoattractant KC and total (proand mature IL-1b) IL-1b in the kidneys of Nlrp3-deficient mice after ischemic acute tubular necrosis was reduced compared to WT mice ( Fig. 5H and I ). 
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ASC gene expression was significantly upregulated 5 days after non-lethal renal I/R injury, while there was no difference after 1 day (Fig. S8A) . The amount of acute tubular necrosis was similar between WT and ASC-deficient animals at both time points (Fig. S8B) . ASC deficiency protected animals from lethal renal ischemic injury, although the difference was less pronounced than in Nlrp3-deficient mice. ASCdeficient mice had a 38% survival following renal acute tubular necrosis at 5.5 days post-ischemia while none of the WT mice survived (p = 0.001; Fig. S8c ). ASCdeficient mice also displayed a more preserved renal function 5 days after renal ischemia reperfusion injury as compared to WT mice, again with no difference after 1 day (Fig. S8D and E) . In line with the Nlrp3-deficient mice, protection of the ASCdeficient mice correlated with reduced neutrophil influx and renal KC and IL-1b levels ( Fig. S8F-H) . The difference seen between Nlrp3-deficient and ASC-deficient mice in survival and early renal dysfunction following renal ischemic injury suggests that Nlrp3 may play additional roles independently of ASC and by extension, caspase-1. Together these data demonstrate that the Nlrp3 inflammasome induces an exaggerated acute inflammatory response during ischemic acute tubular necrosis and as a consequence contributes to I/R-induced renal dysfunction and lethality. 
Discussion
These results provide new insights into the primary mechanism by which necrotic injury is translated into inflammatory responses. We postulate that specific forms of cellular injury result in the release of viable mitochondria into the extracellular space, triggering the activation of the Nlrp3 inflammasome, in part through the release of ATP. Extracellular ATP is quickly degraded by exonucleases, therefore cellular release of intact, ATP-producing mitochondria provides an effective mechanism to alert the immune system to cellular damage. Triggering of the Nlrp3 inflammasome results in activation of caspase-1 and the processing and secretion of the proinflammatory cytokine IL-1β, which can recruit neutrophils to sites of infection and injury, but can also lead to host tissue damage (Fig. S9) . It is interesting that specific modes of cell death, such as pressure disruption, complement lysis and hypoxia, were sensed by the Nlrp3 inflammasome, whereas cell death induced by freeze-thaw and UV irradiation failed to induce a robust secretion of IL-1b (Fig. 2A) . We speculate that freeze-thaw or UV irradiation may either result in damaged non-viable mitochondria or that mitochondria remain within the killed cell, inaccessible to the extracellular space and hence fail to activate the Nlrp3 inflammasome. A recent study by Li and colleagues also demonstrated that necrosis induced by 7-bromoindirubin-3'-oxime was capable of activating the Nlrp3 inflammasome 29 . These findings highlight the heterogeneity of cell death even within the necrotic subset. Although our findings demonstrate an important role for ATP and the P2X7R in mediating the activation of the Nlrp3 inflammasome in response to necrotic cells, it is likely that additional factors released from necrotic cells can also independently activate the Nlrp3 inflammasome. This is supported by our findings that some IL-1b is secreted in response to necrotic cells and mitochondria even in the absence of P2X7R in vitro ( Fig. 4G and S5C ) and that P2X7R-/-mice have an intact inflammatory response to necrotic cells in vivo (Fig.  S5D) . The nature of these additional factors remains to be elucidated but could possibly be acting through other purinergic receptors. Ischemia-reperfusion injury occurs as blood flow is restored to ischemic tissue resulting in a profound inflammatory response. It is a significant cause of the pathology associated with clinical conditions such as myocardial infarction, cerebral ischemia, and in the operative management of trauma. Renal I/R injury is a major cause of acute 30 and end-stage renal failure 31 , and is associated with increased acute renal transplant rejection and delayed allograft function 32, 33 . Despite important advances in preventive strategies and patient care, renal I/R injury remains a major clinical problem, producing significant morbidity and mortality rates 34 . Although the pathophysiology of renal I/R injury is complex, it is clear that necrotic cellular injury mediated by I/R and complement activation play a major role in initiating subsequent inflammatory responses. Our studies show that although the initial necrotic insult following I/R injury is the same in WT, Nlrp3-and ASC-deficient mice, the ensuing inflammatory response to the necrotic cells is markedly reduced in mice deficient in components of the Nlrp3 inflammasome. Limiting this Nlrp3 inflammasomedriven inflammatory response is crucial to preventing further organ damage and in preserving renal function. An important role for IL-1β in the pathogenesis of renal I/R injury is also supported by in vivo studies demonstrating that the lack of functional IL-1R, IL-1a/b or the treatment with IL-1 receptor antagonist (IL-1Ra) impairs the inflammatory response and subsequently accelerates renal recovery 35 or reduces renal tissue destruction 36, 37 after renal I/R injury. We have also recently shown that Nlrp3-deficient mice are protected from acetaminophen-induced hepatotoxicity 38 . Our current findings provide mechanistic insight into this process, suggesting that necrotic hepatocytes themselves may be responsible for triggering the inflammatory response through the Nlrp3 inflammasome. It has been unclear what the initial priming step for Nlrp3 inflammasome activation is in vivo, but our findings suggest it may be through stimulation by endogenous DAMPs that are released concomitantly with cellular injury. Both biglycan and hyaluronic acid were capable of priming Mf for Nlrp3 inflammasome activation in response to pressure-disrupted necrotic cells in vitro. Biglycan and hyaluronic acid were also found to be expressed at higher levels in tissue following renal I/R injury suggesting that they may be responsible for priming the Nlrp3 inflammasome for activation in vivo. Consistent with this is the finding that mice deficient in either TLR2 or TLR4, the receptors through which biglycan and hyaluronic acid can activate macrophages 39, 40 , have improved outcomes following renal I/R injury 28, 41, 42 . Mice deficient in the cellular receptor for hyaluronic acid, CD44, also display reduced renal injury following I/R injury 43 . Further studies will be required to delineate the contribution of individual endogenous DAMPs in the priming of the Nlrp3 inflammasome. The sterile inflammatory response to injured cells is thought to contribute to 76 the pathogenesis of not only ischemic diseases, such as renal-, myocardial-and cerebral-ischemia, but also to inflammation associated with traumatic injury and chemotherapeutic induced tumor death. It is clear this inflammatory response is an independent source of profound morbidity and mortality. Blockade of an excessive and prolonged sterile inflammatory response with specific Nlrp3 inflammasome antagonists could represent a new approach to treat or prevent the adverse outcomes associated with tissue injury.
Materials and Methods
Mice
The generation of Nlrp3-, ASC-, caspase-1-, and Nlrc4-deficient mice has been described previously 7, 12, 44 . IL-1R-deficient and P2X7R-deficient mice 25 were purchased from Jackson Laboratories. Caspase-1-, IL-1R-and P2X7R-deficient mice were backcrossed onto the C57BL/6 genetic background for 10, 5 and 7 generations respectively. ASC-and Nlrp3-deficient mice were backcrossed onto the C57BL/6 genetic background for 9 generations. Nlrc4-deficient mice were backcrossed onto the C57BL/6 genetic background for 6 generations. Age and sex matched C57BL/6 mice purchased from NCI were used as WT controls. All protocols used in this study were approved by the Institutional Animal Care and Use Committee at the University of Iowa and the University of Amsterdam.
In vivo peritonitis
Mice were injected intraperitoneally with either 1 x 10 7 pressure-disrupted B16 cells or freeze-thaw treated B16 cells in 500 ml PBS, 1 ml of 3% thioglycollate or PBS alone. 16 h later animals were euthanized and peritoneal lavage performed. The number of neutrophils (Ly-6G+ 7/4+) in the lavage was assessed by flow cytometry as described 6 .
Ischemic acute tubular necrosis
Ischemic acute tubular necrosis was induced as described previously 41 . Briefly, renal arteries of mice were clamped for 30 (non-lethal) or 45 (lethal) minutes using microaneurysm clamps through a midline abdominal incision under general anesthesia. After surgery all mice received a subcutaneous injection of 50 mg/ kg buprenorphin (Temgesic, Shering-Plough) for analgesic purposes and were allowed to recover from surgery for 12 hours at 28°C in a ventilated stove and were sacrificed 1 day after surgery. Sham-operated mice (n=6 per group) underwent the same procedure without clamping. At the time of sacrifice blood was collected by heart puncture in heparin-containing tubes and stored at -80°C, and kidneys were harvested for further analysis. Total RNA was extracted from renal tissue sections with Trizol reagent (Invitrogen) and converted to cDNA.
Detailed Materials and Methods are available in the SI text.
SI Text
Cell injury B16-F10 or HEK293 cells were resuspended in DMEM supplemented with 10% FCS at a density of 4 x 10 7 cells/ml. For in vivo experiments B16 cells were resuspended in PBS. Pressure-disruption was carried out in a nitrogen bomb chamber (Parr Instruments) at 350 psi for 20 min at 4 o C. Cell injury by freeze-thaw was attained by three cycles of freezing in a dry ice/ethanol bath followed by immediate thawing at 37 o C. UV-irradiated B16 cells were prepared by plating B16 cells in a 6 well plates followed by UV irradiation to 400 mJ in 90 sec (UV Stratalinker 2400; Stratagene). Complement-mediated damage was performed by opsonizing splenocytes (from either C57BL/6 wild-type or caspase-1-/-mice) or the hybridoma 6A8.6F10.1A6 (ATCC) with anti-MHC class II Ab(b) IgG2a antibody (BD Biosciences) for 30 min at 4 o C. IgG-opsonized cells were washed twice with cold DMEM and incubated with either 50% human serum in DMEM or as a control with 50% heat inactivated human serum in DMEM for 60 min at 37 o C. Cells were confirmed to be necrotic by visualization and examining LDH release using a cytotoxicity (LDH) detection kit (Promega). Hypoxic injury was achieved by subjecting B16 cells to an anaerobic mixture (5% H 2 , 5% CO 2 , 90% N 2 ) in a Bactron Anaerobic Chamber (Sheldon Manufacturing Inc.) for 24 h at 37 o C.
Mitochondrial preparation
Mitochondria were prepared using a modification of standard techniques [1] [2] [3] . Briefly, washed B16 or HEK cells were suspended in homogenization buffer (5 mM HEPES, pH 7.2, 10 mM NaCl, 300 mM sucrose, 0.1 mM EGTA and protease inhibitors). The cells were disrupted by nitrogen cavitation (350 psi, 20 min at 4 o C) in buffer free of potassium. Purified mitochondria were collected at the interphase of a 1-1.5 M sucrose step gradient in homogenization buffer and washed to free cytosolic contents by sedimentation at 17,400 x g for 20 min at 4 o C. Nuclei were purified from the low speed pellet after nitrogen cavitation according as previously described 4 . The post mitochondrial supernatant was centrifuged at 200,000 x g for 60 min to obtain the plasma membrane fraction (pellet) and cytosolic fraction (supernatant). Purity of the B16 mitochondrial fraction was determined by Western blot analysis using antibodies against COX4 (mitochondrial; Molecular Probes), HSP90 (cytosolic; Stressgen), msg1 (nuclear; Abcam), and caveolin (plasma membrane; BD Biosciences). ATP generation from 50 mg of mitochondria was quantified with the ATP bioluminescent assay kit (Sigma). Instantaneous light emitted was measured for 6 cycles over a 2 min period and averaged using a Lumistar microplate luminometer (BMG Labtech)
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SYBR green quantitative RT-PCR analysis
Quantitative RT-PCR analysis for Nlrp3 and ASC gene expression was analyzed by RT-PCR using SYBR green PCR master mix. Specific gene expression was normalized to the average of three household genes (mouse HPRT, TBP and cyclophilin G gene expression). SYBR green dye intensity was analyzed with linear regression analysis. The following primer sequences were used: Nlrp3 forward, 5'-ccacagtgtaacttgcagaagc -3' and reverse 5'-ggtgtgtgaagttctggttgg-3'; ASC forward, 5'-aaagaagagtctggagctgtgg-3' and reverse 5'-gcaatgagtgcttgcctgt-3'; biglycan forward, 5'-tcaagctcctccaggttgtc -3' and reverse 5'-gccattatagtaggccctcttg -3'. HPRT forward 5'-tcctcctcagaccgctttt-3' and reverse 5'-cctggttcatcatcgctaatc-3', TBP forward 5'-ggagaatcatggaccagaaca-3' and reverse 5'-gatgggaattccaggagtca-3', and cyclophylin G forward 5'-aagggaatggaagaggagga-3' and reverse 5'-ccctctgttggccattgata-3'.
Histology
Histopathological scorings were made by a pathologist using PAS-D-stained renal tissue sections and performed on coded slides. The percentage of damaged tubules in the corticomedullary junction was estimated using a five-point scale as previously described 5 . The number of neutrophils (Ly-6G+ 7/4+, Pharmingen) and hyaluronic acid (biotinylated HA Binding Protein, Calbiochem) in renal sections was assessed by immunohistochemistry as described 5, 6 . For detection of biglycan, renal tissue sections were deparaffinized and boiled in 10 mM sodium citrate buffer (pH 6.0). Non-specific binding and endogenous peroxidase activity were blocked with 0.3% H 2 O 2 in 100% methanol and 10% normal swine serum (Dako). Sections were then exposed to goat-anti biglycan (Abcam), followed by a further incubation with swineanti goat HRP (Biosource). Slides were finally developed using 1% H 2 O 2 and DAB (Sigma) in 0.05M Tris-HCl (pH 7.9). The slides were counterstained with methyl green (Sigma). Staining without applying a primary antibody served as a negative control.
Preparation of renal tissue for cytokine measurements
Snap frozen kidneys were diluted in lysis buffer containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl 2 , 2 mM CaCl 2 , 1% Triton X-100, and 1% protease inhibitor cocktail II (Sigma), homogenized and incubated at 4°C for 30 min. Homogenates were subsequently centrifuged at 1500g at 4°C for 15 min, and supernatants were stored at -80°C until assays were performed. IL-1β and keratinocyte chemoattractant (KC) were measured using specific ELISAs (R&D Systems) according to the manufacturers' instructions. Cytokine levels were corrected for the amount of protein present using the BioRad protein assay (BioRad Laboratories) with IgG used as a standard.
Statistical analysis
We performed statistical analysis by using an unpaired Student's t test for all in vitro studies. In vivo peritonitis and ischemic acute tubular necrosis experiments were analyzed by the nonparametric Mann-Whitney U test. Kaplan Meier curves in combination with log rank test were used for the analysis of survival. We considered values of P < 0.05 to be statistically significant.
